Self-assembly of colloidal spheres is the most frequently used method for structural colors, but the chroma of the structural colors is usually so low that people cannot observe it under natural conditions. This paper presents a facile method for fabrications of vivid structural colors by doping carbon black into the self-assembly of colloidal polymer spheres and nanosilica particles. This approach can generate very gorgeous structural colors which can be very easily seen under natural conditions. The fabrication conditions for the self-assembly of composite dispersions of polymer/silica/carbon black were optimized to obtain colloidal crystals with vivid colors. Thus, robust mechanical properties, large-scale, and brilliant structural colors can guarantee the obtained crystal films to find practical applications, which are demonstrated by the fact that the successful applications of structural colors beautify the original simple and tedious surface of bamboo strand board (BSB).
Introduction
Photonic crystal has been the focus in material science and technology because of its manipulations of photon propagation and promising applications in communication, sensor and detector, coating, and displays [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Manufacture of some dyes and pigments usually causes pollutions and energy loss. Furthermore, some dyes and pigments are toxic, nondegradable, and fading. Therefore, structural colors from photonic crystals have obtained increasing attention, because of bright colors, durability and environmental friendliness. Self-assembly of colloidal spheres into photonic crystals has been one of the most widely used methods since this strategy is relatively simple and cost efficient [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The fabrication of robust colloidal crystals for structural color by self-assembly of soft polymer/silica particles is novel and facile works. It is carried out at room temperature without additional equipment compared with other methods for structural colors [23, 24] . Though self-assembly of colloidal spheres into photonic crystals is simple, mass producible, and the least expensive, it is inevitable to introduce random defects, such as missing particles, uncontrolled orientation, mixture of phases, and dislocations during the self-assembly processes [16, 25] . Theses defects decrease the reflectivity in the stop band region and scatter light outside the stop band. Thus, the light we usually observe not only contains the wavelength corresponding to the expected color unveiled by the stop band, but also unwanted wavelength outside the stop band. As a result, the color from the colloidal crystal with defects is not as vivid as natural opals. It is not striking or brilliant under natural conditions. On occasion, only an experienced man could detect its color at a certain angle to light source [26] , which limits its applications in coatings, cosmetics, decorations, textiles, and sensors [27, 28] .
In order to make the interference color pure and highly saturated, Wang et al. [27] coated thin anodic aluminum oxide (AAO) films on an Al substrate uniformly with carbon by chemical vapor deposition. The saturation of interference color is substantially enhanced as a result of the carbon deposited on the inner walls of the nanochannels of the AAO film, which efficiently screens the reflected light from AAOAl interface. Pursiainen et al. [28] mixed carbon with coreshell polymer sphere precursor. The precursor consisted of a hard crosslinked polystyrene (PS) sphere coated with a thin polymethyl-methacrylate (PMMA) interlayer anchored by the outer shell composed of soft polyethylacrylate (PEA).
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Then polymer melt compression was used to fabricate polymer opals. The visual appearance of the elastomeric opals changes quite remarkably from milky white to intense green. Inspired by peacock feathers, which contain small amount of melanin rods in three-dimensional periodic structures for brilliant colors [29] , we successfully fabricated a robust and large-scale colloidal crystal (CC) film with enhanced and tunable vivid structural colors [30] . In comparison to previous techniques, the primary differences and advantages of this approach are as follows. (i) The polymer crystal films with vivid colors are easily obtained directly by drying at room temperature. Neither tedious work nor special equipment or high temperature is needed. Other approaches to dope carbon black at high temperature limited applications on the substrate that could not bear high temperature such as BSB. (ii) The polymer colloids are readily obtained, and the resulting photonic crystal films are robust, which endow the substrates not only with brilliant colors but also with good strength such as hardness. (iii) This method can be used for massive production of polymer colorful films of any size from square centimeters to square meters. In this paper, the treated carbon black had high surface charge, which is not only important to prevent carbon black from coagulating, but is also important to form periodic structures. Self-assembly of three colloidal particles into ternary periodic structures has complicated interactions between particles, which differ from other carbon black doping in the assembly mechanism and is not researched by other groups. So the fabrication factors differs greatly from the previous researches [26, 30] . In order to obtain the optimal growth conditions for high crystalline quality, in this paper, the effect of carbon black properties, evaporation temperature, relative humidity (RH), and silica content on polymer films are researched systematically by controlled self-assembly process to study the action mechanism. It is not studied by other groups, which provides a good basis for commercialization. 
Experimental Section

Synthesis of Soft Colloidal Polymer Spheres.
A surfactantfree emulsion polymerization procedure was carried out as mentioned in the paper [23] . A typical process was described as follows: deionized water (95 g), HAPS (1.0 g), AA (2 g), BA (20 g ), St (20 g), and APS (0.25 g) were added into a fournecked flask equipped with an N 2 inlet, a reflux condenser, and a mechanical stirrer. The polymerization was carried out at 75-80 ∘ C for 10 h to obtain water-borne polymer latex with a solid content of 34 wt%. The polymer latexes with various particle sizes were synthesized by controlling HAPS contents. The glass transition temperature of polymers is 23 ∘ C which was measured by DSC.
Treatment of Carbon Black (CB).
Carbon black was blended with concentrated sulfuric acid for 12 h, then centrifuged and washed with deionized water until the pH was near to 7 and dispersed in deionized water with 0.5 wt% of solid content. Bpc40 carbon black with −25 mV was used unless specifications were noted.
Preparation of Colloid Crystal Films with Carbon Black (CCB) and without Carbon Black (CCW).
The polymer latexes were blended with colloidal silica and carbon black under vigorous were stirring for 2 min and ultrasonically treated for 2 min at room temperature to obtain nanocomposite polymer latexes. The typical weight ratios of silica and carbon black to polymer were 20 and 0.15%, respectively, unless specifically noted.
The Controlled Fabrication of CCB Film.
The glass substrate was cleaned in ethanol, acetone, and deionized water successively and dried in nitrogen gas. Then the dry glass substrate was put into the conditioner and cast with same volume of dispersions to insure the same thickness of all films. Figure 1 was the experiment setup for self-assembly in controlled temperature and relative humidity (RH). A smart temperature and RH control system was employed to control the temperature and RH accurately. If RH in the conditioner was too low, the RH control system will start the evaporation system to let more vapor into the conditioner and improve RH to the preset level. If RH was too high, the RH control system will start to let out unnecessary vapor to keep RH at the preset level. By this control system, the temperature and RH in the conditioner will be adjusted accurately according to the predetermined level.
Characterization.
The reflection spectra of CC films were taken using the beam spot of 0.04 mm 2 in area and integral sphere fiber optic UV-Vis spectrometer (Ocean Optics, ST2000, Dunedin, FL, USA). The photos of CCB and CCW films were taken by Cannon Power Shot A 95. SEM images of the samples were obtained with a Philips XL 30 field emission microscope; all samples were coated with gold by sputtering prior to observations. The size and size distribution of polymer spheres were measured by N4 Plus particle size analyzer. The color differences of CCB and CCW films were measured by a spectrophotometer (CM700d, Konica Minolta Sensing Inc., Japan) according to Commission International d'Eclairage (CIE) LAB color scale. The LAB system has a lightness scale L and opponent color axes for redness-greenness versus yellowness-blueness, designated A and B, respectively. Each color can be represented by a unique point in three-dimensional coordinate used in the LAB system. The L value characterizes the brightness of the color and range between 0 (dark) and 100 (light). The A and B values are the chroma coordinates and characterize the hue and chroma factors. The A axis is red on the positive side and green on the negative side; the B axis is yellow on the positive side and blue on the negative side. The higher the A and B values, the stronger the colors.
Results and Discussion
The Mechanism of Color Purifications.
The colloidal films from composite dispersions of polymer/silica and polymer/silica/carbon black are fabricated by the control method. The reflection spectra in Figure 2 show that the peak positions of CCB and CCW films are 677 nm and 666 nm, respectively, with the size of polymer spheres as 301 nm. According to Bragg diffraction law (1), peak positions have relationships with the effective index and the distance between [111] crystal planes calculated by = √2/3 , where is the diameter of the polymer spheres. When carbon black is doped, the effective index has increased from 1.439 to 1.443 according to (2) , while d remains unchanged for the same polymer spheres. According to (1), the calculated peak position of CCB film is 709 nm, which red-shifts about 2 nm compared with 707 nm for CCW film. The calculated peak positions are in rough agreement with the observation peak positions. The blue shifts of observation peak positions from calculated peak positions are caused by the shrinkage of soft polymer spheres during self-assembly. Consider
The perfect colloidal crystal film with few defects has pure colors because it has high reflectivity in the stop band region while low reflectivity outside the stop band [31] . The colloidal crystal film especially assembled from colloidal spheres has inevitable defects such as vacancy and dislocations, which makes the reflectivity in the stop band region low while the reflectivity outside the stop band high. The increased reflectivity of unwanted photons outside the stop band will reduce the purity of the color unveiled by the stop band. The reflectivity in the stop band region of CCW film is 85% with 80% reflectivity outside the stop band. So the reflection contrast is about 5%. The reflectivity in the stop band region of CCB film is 27% with 8% outside the stop band. The reflectivity in the stop band region reduces by 58% while the reflectivity outside the stop band reduces by 72%. This means that carbon black absorbs 58% photons in the stop band region and 72% photons outside the stop band. The reduction of the reflectivity in the stop band region will reduce the purifications of the colors, while the reduction of the reflectivity outside the stop band will increase the purifications of the colors. We use the reflection contrast or peak height as an important index to evaluate the overall effect of the photon reflectivity on the purity of the colors. The higher the peak height, the less the unwanted photons and the purer the colors unveiled by stop band. The reflection contrast of CCB films is about 19%. The reflection contrast of CCB film increases by 14% compared with 5% of CCW film. So the colors of CCB film are purer than of CCW films, which are proved by the inserted pictures of CCB and CCW films as shown in Figure 2 . The chroma factor of CCB films is 12.16, higher than the 1.60 of CCW films. The mechanism that carbon black could purify the colors of colloidal crystal films is that the reflection contrast is improved by carbon black doping because of its less absorption of photons in the stop band region than outside the stop band.
To verify this, we simulate crystal films with 301 nm polymer spheres using a modified Lay-KKR method [32] . This can simulate reflection and absorption coefficients of light using a slab of three-dimensional photonic crystals. The photonic crystal consists of a stack of slices parallel to a given surface. These slices may consist of two components. Each of them can be either a homogeneous plate or a multilayer of spherical particles of given periodicity parallel to the surface. The refractive index of each component material can be complex. The original code of Lay-KKR method can be downloaded from the website of the computer physics communication program library. In the simulation, the effective refractive indexes of the matrix and polymer spheres are 1.15 and 1.53, according to this experiment. For the simulated absorption of carbon black particles in the matrix, the imaginary part of refractive index of matrix is 0.15. Thus, the theoretical reflection and absorption spectra can be shown in Figure 3 . The theoretical reflection spectra can match the experimental spectra very well, but they also differ from the actual absorption spectra of carbon black. It can be inferred that carbon black in the crystal films has a very little ability to absorb photons in the stop band region but has a strong absorption outside it. It is this characteristic that allows the doped carbon black to restrain the light scattering of unwanted wavelengths and retain low absorption in the stop band. This can ensure that the carbon-black-doped crystal films have strong reflectance in the stop band, enhancing the chroma factor of structural colors. Figure 4 is the SEM images of CCW and CCB films, respectively. The polymer spheres self-assemble into orderly structures with silica and carbon black filled in the interstices between polymer spheres or located around the polymer spheres, which could be seen in the inserted pictures in Figure 4 . It demonstrates the long range crystalline orders in CCW and CCB films.
The Application of the Vivid Structure Color.
Bamboo strand board (BSB) is made of strand which was produced from bamboo by rolling. It has good physical and mechanical properties, which could take place of wood in many applications such as interior flooring, furniture, and decorations. Figure 5(a) is the unfinished BSB with simple and tedious surface, which limits its applications in interior decorations. Figures 5(b) and 5(c) are BSB finished with structural colors from CCW and CCB films under natural conditions. Though the color of BSB could be obtained easily by CCW films, it has low chrome value of 2.56 under natural conditions. The color is so weak that it almost could not be observed under natural conditions. By carbon black doping, the colors of BSB have high saturations with chrome value of 10.49 under natural conditions, which could be used in interior decorations and furniture making. According to cross-cutting methods for the adhesion between coating films and substrates, the adhesion between CCB films and BSB are scale 2. The CCB films made from P(ST-BA-AA) have polar groups of COOH, while BSB is rich in polar groups of -OH. So the adhesion between CCB films and BSB is high because of molecular attractions such as hydrogen bonds and van der Waals forces. There are cell pits and other fissures on the surface of BSB. The polymer latex could seep into the BSB by capillary action and form the bonding nails between the film and BSB, which is the other factor to contribute to the good adhesion. The CCB film presents not only vivid colors but also good mechanical properties with tensile strength, breaking elongation, and hardness as high as 3.05 MPa, 358%, and 2H. Furthermore BSB has high modulus of rupture (MOR) of 130 MPa, which improves the bending strength of CCB film on it. So BSB is a suitable substrate for practical applications of structural colors. Figure 6 and Table 1 show that three kinds of carbon black differed greatly in BET surface area and pore size distribution. The inset pore size distribution plot shows that pore size of vxc72 in Figure 6 (a) ranges widely from 1 nm to 100 nm, while the pore sizes of bpc40 in Figure 6 (b) and bpc20 in Figure 6 (c) center on less than 10 nm. This means that the pore sizes of bpc40 and bpc20 are in narrow size distribution compared with vxc72. The TEM images in Figure 7 (a) show that, after pretreatment, vxc72 carbon black clusters and aggregates severely, while bpc40 and bpc20 are dispersed as Journal of Nanomaterials 
The Effect of Carbon Black Properties on Polymer Films.
(f) 
The Effect of Temperature on Film Forming Rates and Properties of Polymer Films.
The film forming rate (v) increased from 1.70 g/s to 2.24 g/s when the temperature increased from 20 ∘ C to 40 ∘ C as shown in Figure 9 (a). It is known that water evaporation rate increases with the increasing evaporation temperature. So the higher the temperature, the faster the film forming rate. The temperature also has effects on the peak height of the spectra. Figure 9 (b) demonstrates that the peak height increases from 9% to 19% when the temperature increases from 20 ∘ C to 30 ∘ C and decreases to 5% when the temperature further increases to 40 ∘ C. Figure 11(a) shows that when the temperature is 20 ∘ C, the stress resulted from water evaporation produces cracks and the formed film is crisp. The quality of the film is poor and the peak height is low. When the temperature increases to 25 ∘ C, even to 30 ∘ C, higher than , domain size increases and the cracks diminish as shown in Figures 11(b) and 11(c) . Only small fissures exist in CCB films. So the peak height is higher than that at 20 ∘ C. When the temperature further increases to 40 ∘ C, Figure 11 (d) shows that, though no cracks exist in the films, the fissures Figure 12(a) shows that the film forming rate decreases from 2.49 g/s to 1.72 g/s when RH increases from 50% to 80%. According to (3) [27, 33] , where D is the diffusion coefficient of water vapor in air; L is the distance from the liquid surface to the open end of the vial; R 0 is the gas constant of water vapor; T is the boiling temperature of solvent, and P, P 0 , and are the total pressures in the growth conditioner, the vapor pressure at the open end of the vial, and at the liquid surface, respectively, the film forming rate v has relationships with 0 when other factors are invariant. RH could be calculated by RH = 0 / . The higher the 0 , the higher the RH and the lower the film forming rate is Figure 12 (b) demonstrates that the peak position blueshifts 60 nm when RH increases from 50% to 80%. According to Bragg's diffraction law, the peak positions have relationship with the distance 0 between [111] planes with other invariant factors. Figure 13 shows that the higher the RH, the flatter the polymer spheres along [111] planes and the smaller the [111] plane distance 0 . The soft polymer spheres deform least and keep in good spherical shape when RH is 50% as shown in Figure 13 (a). The polymers deform most and become flattest along [111] plane when RH is 80% as shown in Figure 13 domain density and fissures decrease. So the films assembled at 60% and 70% RH have better quality than at 50% RH. The peak height increases. When RH is 80%, the fissures reduce while the domain density increases as shown in Figure 14 capillary force [34] . A lower RH corresponds to a larger lateral capillary force, and the result is the presence of smaller domains in the colloidal crystals. A lower RH also promotes higher array growth rate so as to bring the additional internal stress, which explains the splits and defects in CCB films shown in Figure 14 (a). With increasing RH, on the other hand, the lateral capillary force is lower and the array growth rate will decrease, which results in a better crystalline quality and a higher peak height as shown in Figure 14 (b). But when RH is 80%, too high RH leads to too slow array growth rate and too weak lateral force, and then the colloidal crystal with poor quality is formed [33] . So for ternary dispersions, the 14(h) . This means that CCB films at 60% and 70% RH are purer than at 50% and 80% RH.
The Effect of RH on Film Forming Rates and Properties of Polymer Film.
V = DP LTR 0 ln [ ( − 0 ) ( − ) ] .(3)
The Effect of Silica Content on Film Forming Rates and
Properties of Polymer Film. Figure 15(a) shows that, with the increase in silica content from 5% to 40%, the film forming rate decreases from 2.29 g/s to 1.50 g/s. The reason is that the water evaporates slowly because the increased dispersion viscosity resulted by increasing silica content prevents water from flowing freely and quickly. Figure 15(b) is the reflection spectra of CCB films with different silica contents. When silica content increases from 5% to 20%, the peak heights increase from 9 to 17%. When silica content further increases to 40%, the peak height reduces to 10%. The peak height reaches its maximum when 20 wt% of silica is used. When 5 wt% of silica is used, silica and carbon black particles are not enough to locate around the polymer or in the interstices to prevent polymer spheres from coalescing or fusing. The polymer spheres coalesce and fuse so severely that boundary lines between two dielectric constants are not clear, which could not prevent the dislocation or vacancy or fusing of the polymer spheres in the periodic arrays as shown in Figure 16 (a). Optical images in Figure 17 (a) show no domains or splits, which on the other hand proves the nearly homogeneous surface of CCB films. So the peak height is low. When silica content is 10% and 20%, silica or carbon particles is enough to locate around the polymer spheres to prevent them from coalescing or fusing as shown in Figures 16(b) and 16(c); thus, the peak height increases correspondingly. When silica content is 40%, the viscosity of the dispersions increases so much that air and water could not completely evaporate from the dispersions. The convective flux could not bring the spheres or particles into already ordered arrays for crystal growth timely, which leads to polycrystalline regions as shown in Figure 16 18(c) show that the chrome factors of polymer films with 10% and 20% silica content are 11.02 and 12.15, higher than 5.89 and 4.67 for the films with 5% and 40% silica content as shown in Figures 18(a) and 18(d) . For the dispersions of polymer/silica/carbon black, the optimal silica content is 10% and 20%.
The Relationships between Peak Height and Film Forming
Rates. Figure 19 shows that the film forming rates have great effects on the peak height under different conditions. When the rates range from 1.87 g/s to 2.03 g/s, the peak height is more than 10%. When film forming rate is less than 1.70 g/s or more than 2.03 g/s, the peak heights begin to reduce. The Journal of Nanomaterials 13 formations of layered arrays from polymer, silica, and carbon black could be split into two stages: (1) convective transfer of particles from the bulk suspension to the thin wetting film and (2) interactions between particles that lead to specific textures. If these two stages nearly balance, the high quality of ordered arrays could be formed [35] . When the film forming rate is less than 1.70 g/s or more than 2.03 g/s, the convective transfer of particle is so low or fast that it could not match the assembly process and therefore forms the crystalline array of low quality. So for colloidal particles of soft polymer, silica and carbon black, to get high crystalline quality, the film forming rate is better to be controlled between 1.87 g/s and 2.03 g/s under whatever factor.
Conclusion
Based on this study, large-scale, robust, intense, and structurally color-tunable polymer crystal films can be successfully fabricated by casting method. This method is not only simple and feasible, but the as-obtained polymer crystal films also display brilliant visual iridescence under natural lighting conditions. Under the optimal conditions, the obtained CCB has the best quality with suitable film forming rate, which provides basis for the mass production and application of the colloidal crystal films with carbon black dopant in coating, cosmetics, and pigments.
